Magnetic resonance imaging (MRI) of the human retina faces two major challenges: eye movement and hardware limitation that could preclude human retinal MRI with adequate spatiotemporal resolution. This study investigated eye-fixation stability and high-resolution anatomic MRI of the human retina on a 3-Tesla (T) MRI scanner. Comparison was made with optical coherence tomography (OCT) on the same subjects. METHODS. Eye-fixation stability of protocols used in MRI was evaluated on four normal volunteers using an eye tracker. High-resolution MRI (100 ϫ 200 ϫ 2000 m) protocol was developed on a 3-T scanner. Subjects were instructed to maintain stable eye fixation on a target with cued blinks every 8 seconds during MRI. OCT imaging of the retina was performed.
T he retina is highly structured and is composed of three major tissue layers: outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL). 1 There are also plexiform layers that are synaptic links between these adjacent nuclear cell layers. The retina is nourished by two blood supplies: the retinal and choroidal vasculatures. 2 The retinal vasculature exists primarily within the GCL, but does project a deep planar capillary bed into the INL. The choroidal vasculature is located beneath the ONL and its segments. Thus, the ONL is completely avascular 2 and relies on diffusion from both vasculatures for the delivery of oxygen and nutrients. Many retinal diseases result in progressive damage to different retinal layers. Thus, the ability to image these anatomic layers noninvasively could help staging and ultimately improve clinical management of retinal diseases.
Most existing in vivo retinal imaging techniques use visible or near-infrared light. These include fundus photography, confocal imaging, 3 and optical coherence tomography (OCT) 4 for anatomic imaging, fluorescein angiography, 5, 6 indocyaningreen angiography, 7, 8 and laser-speckle imaging 9, 10 for bloodflow imaging, and intrinsic optical imaging technique 11, 12 and phosphorescence 13 for oximetric imaging. Although many of these optical techniques offer high spatiotemporal resolution with many clinical utilities, with the exception of OCT, optical imaging techniques are depth ambiguous. Further, diseaseinduced opacity of the vitreous humor, cornea, and/or lens (such as vitreous hemorrhage or cataract) could render optical imaging techniques less effective.
By contrast, magnetic resonance imaging (MRI) provides excellent soft-tissue contrast without depth limitation and has been widely used to image the brain and other organs in both research and clinical settings. In animal models, layer-specific anatomic, 10, 14 relaxation time, 15, 16 manganese-enhanced, [17] [18] [19] blood flow, 20 -22 blood volume 23, 24 MRIs and multimodal functional MRI (fMRI) of physiologic 20, 21, 24, 25 and visual 23, 26, 27 stimulation of the retina have been reported. Many of these studies showed lamina-specific retinal resolution. Multimodal MRI has also been applied to study retinal degeneration, 21, 25 diabetic retinopathy, 28 and glaucoma 29, 30 in rodent models. Successful translation of retinal MRI application from animals to humans must overcome two major challenges: (1) magnetic field gradients and shims on clinical scanners are less powerful compared with those on animal scanners, which can limit spatial resolution and image quality, respectively; and (2) eye motion in awake humans may preclude application of time-series fMRI of the retina and high-resolution studies where signal averaging is required. Anatomic, blood-flow, and bloodoxygenation-level dependent (BOLD) MRIs were recently applied to study the anesthetized large nonhuman primate (baboon) retina using a 3-Tesla (T) clinical scanner, 31 demonstrating that a typical clinical scanner has the hardware capability to provide high spatial resolution for studying the retina. MRI application to human retinas using anatomic MRI, 32, 33 basal blood flow MRI, 34, 35 BOLD 36 fMRI, and blood-flow fMRI responses to physiologic challenges have been reported, albeit they were at low spatial resolution and without detecting layers. The goal of this study was to investigate eye-fixation stability and high-resolution anatomic MRI of the human retina with corroboration by OCT on the same subjects. First, an optimal protocol for maintaining eye-fixation stability with cued eye blinks using an eye tracker was developed outside the scanner. Second, the size and shape of a receive-only radiofrequency (RF) detector were optimized for sensitivity in the posterior retina and different pulse sequences were explored at 3 T to achieve high spatiotemporal resolution. Third, layer-specific anatomic MRI (up to 100 ϫ 200 ϫ 2000 m) of the human retina was achieved in which the subjects maintained stable eye fixation on a target with cued eye blinks, providing temporally stable MRI images. Finally, OCT with a long-wavelength (1060 nm) laser source to improve visualization of the deeper choroid layer was used to corroborate MRI layer assignments and thickness on the same eyes over matching regions around the optic nerve head (ONH) and macula.
METHODS

Eye-Fixation Stability
All studies were performed with Institutional Review Board approval on four normal subjects (three males, one female; age, 24 to 45 years old). With the subject in the MRI head holder and a supine position outside the MRI scanner, the corneal position was noninvasively digitized at 240 Hz with 0.1°angular resolution using an eye tracker (ETL-500; ISCAN Inc., Woburn, MA). Subjects were instructed to maintain stable eye fixation on a target and blink immediately after dataacquisition sound cues (via playback of recorded scanner sounds). Eye-tracking data were recorded over 1.5 and 5 minutes. Two to four repeated trials were measured on each subject. Angular displacements were converted to linear displacement at the posterior retina (1°ϭ 291 m) and plotted as a function of time. For quantitative analysis, data during eye blinks per se were discarded in that they were artifacts because tracking of the cornea was lost during blinks when eyelids were closed. Standard deviation of the horizontal and vertical displacements with blinks removed was computed across the time-series data.
MRI Experiments
MRI studies were performed on the same four subjects using a 3-T whole-body MRI scanner (Achieva; Philips Healthcare, Andover, MA) equipped with 80 mT/m gradient system. A custom-made, receive-only oblique eye coil of 6 ϫ 7 cm in diameter was used. Diameter and shape of the eye coil were optimized for signal-to-noise ratio (SNR) at the posterior pole of the adult human retina. The vendor's body RF coil was used for signal excitation. Supine subjects in a custom-made, padded head holder were instructed to maintain stable eye fixation on a target with cued eye blinks immediately after data acquisition (readout gradient produced distinct sounds) during MRI. To demonstrate proof of concept, only a central axial slice bisecting the ONH and fovea was imaged to minimize partial-volume effect (PVE) due to the retinal curvature. The slice was carefully chosen through multislice pilot scans.
Time-series dynamic scans used the two-dimensional balanced steady state free precession (bSSFP) sequence. 37 Duration for each dynamic scan was 8 seconds. Careful localized shimming with highorder shims was used. Shims were adjusted if needed to "move" banding artifacts away from the region of interest: the posterior pole of the retina. The bSSFP sequence parameters were: repetition time (TR) ϭ 20 ms, echo time (TE) ϭ 2.1 ms, flip angle ϭ 40°, readout bandwidth ϭ 5.3 kHz, field of view (FOV) ϭ 50 ϫ 100 mm, matrix ϭ 500 ϫ 500 leading to a spatial resolution of 100 ϫ 200 ϫ 2000 m, with the higher resolution placed along the readout direction (up-anddown on displayed images). In some measurements, 100 ϫ 240 ϫ 2000-m resolution was used with a reduced matrix size. A partial Fourier readout of 51% was applied along the frequency-encoded direction, and a large FOV was used in the phase-encoding direction to eliminate aliasing artifacts. A total of 10 dynamics were acquired, resulting in an 80-second time block.
Images were analyzed using customized algorithms (MATLAB, The MathWorks Inc., Natick, MA; Functional Magnetic Resonance Imaging of the Brain Software Library, Oxford, UK). Images were acquired in time series and coregistered using customized algorithms (MATLAB). The retina was automatically detected using an edge-detection technique. 25 Radial projections perpendicular to the vitreous boundary were obtained with three-or fourfold the sampling density of the original image, and projection profiles at different time points were then coregistered to the averaged profile by minimizing the root-mean-square distances. Time-series movies of MR images were carefully evaluated to verify the absence of gross motion or drift before further analysis. Band thicknesses were determined taking the width at half height. The total retina/choroid thickness determined from MRI data was plotted as a function of distance from the ONH. The typical temporal and nasal regions analyzed were those defined later (see Fig. 4 ), Ϯ2 mm beginning at Ϯ0.5-1.0 mm away from the ONH.
Optical Coherence Tomography
OCT was recorded using a custom-made system 38 with a 34-kHz, 1060-nm swept source laser with 58-nm bandwidth (HSL-1000; Santec USA Corp., Hackensack, NJ). The system had a theoretical depth resolution of 8.5 m in air and, after correction for refractive index of posterior ocular tissue (n ϭ 1.38), 39 the depth resolution was 6.2 m. Lateral resolution was 15 m, determined by the beam diameter on the focal plane. Each B-scan consisted of 512 A-scans, providing a B-scan repetition rate of 66 Hz. Real-time feedback 38, 40 was used to improve image quality by adjusting the focal plane probe beam specific to the subject's optical power and aberrations. A commercial line scanning laser ophthalmoscope (PSI Inc., Andover, MA) was incorporated into the custom-made OCT system to provide a real-time fundus image for positioning.
OCT was recorded from the same four subjects under dark adaptation without pupil dilation. To obtain a slice matching that of MRI, a central axial slice bisecting the ONH (which was visible) was recorded while the subject fixed on a target straight ahead in a sitting position. Three runs of 3.9-mm-wide B-scans were acquired from each volunteer, with the vertical B-scans placed close to the center of ONH. Each run consisted of 120 B-scans (acquisition time per run was 1.8 seconds) acquired from the same retinal location. The center of the B-scans in the first run coincided with the center of ONH. The B-scans of the second and third runs were shifted (1.5 mm) to the nasal and temporal directions, respectively. Recording multiple runs was necessary due to OCT's limited FOV. OCT images were coregistered before averaging using customized algorithms (MATLAB). OCT retinal layers were identified and assigned. The total OCT retina/choroid thickness was plotted as a function of distance from the ONH.
RESULTS
Eye-tracking displacements of the vertical and horizontal eye movement using the eye-fixation protocol with cued blinks are shown in Figure 1 . The large regular vertical deflections were those from eye blinks every 8 seconds over 1.5 minutes. The extracted segments after the eye blinks were removed (Fig. 1B) showed the displacements ranging from Ϫ150 to ϩ150 m. Displacement data from the 1.5-and 5-minute measurements were not statistically different and they were grouped together. The group-averaged temporal SDs of the horizontal and vertical displacements at the posterior retina were, respectively, 78 Ϯ 51 and 130 Ϯ 51 m (mean Ϯ SD, four subjects). The temporal SD of the vertical displacement was larger (P Ͻ 0.05) than that of the horizontal displacement, as expected. Measurements on an artificial eye showed a temporally steady trace with no fluctuation and thus the temporal fluctuation in the human eye was physiologic. The displacement resolution of the eye tracker was 29.6 m.
Time-loop movies and center-of-mass movement of the time-series MRI images showed images free of movement artifacts and were temporally stable. Coregistration was successful in correcting for minor drift and movement. On average, only 3% of the images in each time series were discarded due to eye movement during data acquisition. Figure 2 shows a bSSFP MRI image of the human eye with 100 ϫ 200 ϫ 2000-m resolution. The vitreous appeared relatively bright and the sclera behind the retina appeared relatively dark, demarcating the boundaries of the retina/ choroid. Three (bright dark bright) layers within the retina/choroid complex were detected. The eye-fixation protocol with cued blinks allowed acquisition of retinal MRI data over 2 minutes consistently free of movement artifacts.
OCT was performed on the same eye (Fig. 3) . All established layers of the retina, including the choroid, were visible. Based on the consistency of the human MRI data with rodent, feline, and baboon retinal MRI data all of which showed interleaving hyper-, hypo-, and hyperintense layers (see the Discussion section) the MRI layers 1-3 in the human retinas were similarly assigned to correspond to the OCT layers as shown on the figure.
The total retina/choroid thicknesses by MRI and OCT are plotted as a function of distance from the ONH (Fig. 4 , one subject). The total MRI thickness was slightly larger than the total OCT thickness across all regions measured. Group-averaged MRI and OCT retina/choroid thicknesses for the three individual MRI layers from similar retinal regions for the nasal and temporal quadrants are summarized in Table 1 . The combined nasal and temporal retina/choroid thickness by MRI was 711 Ϯ 37 m, which was 19% (P Ͻ 0.05) thicker than that by OCT (579 Ϯ 34 m).
DISCUSSION
This study demonstrates that eye fixation with cued blinks can achieve stability of the retina to within 100 m, adequate for the MRI spatial resolution herein. MRI can achieve high spatiotemporal and layer-specific anatomic resolution of the human retina at 100 ϫ 200 ϫ 2000 m at 3 T free of movement artifacts, made possible by the custom-made surface coil, high spatiotemporal resolution imaging protocol (bSSFP), optimized imaging parameters, high-order shims, a stable eye-fixation protocol with cued blinks, and image coregistration. Laminar assignments and thicknesses are corroborated by OCT on the same eyes over closely matched regions. Compared with OCT, MRI overestimates thicknesses by 19%, likely a result of MRI's PVE. These initial results encourage further development to improve spatiotemporal resolution for anatomic MRI, and explore layer-specific blood-flow, and blood-oxygenation dependent MRIs.
Eye-Fixation Stability
The average time period between human eye blinks is approximately 5 seconds. In exploratory trials outside the MRI scanner, we found that a blinking period of 4 to 8 seconds was comfortable for the normal subjects. Pulse sequence parameters were thus adjusted such that the dynamic time of each scan was within this range of blinking rate (ϳ4.6 seconds). The temporal SD of the displacement with our fixation protocol was on the order of 100 m. Stability of the MRI time-series data is consistent with that of the eye-tracker data. Only 3% of the images in each time series were discarded due to eye movement during data acquisition. With expected improvement in MRI spatial resolution, improvement on eye-fixation stability with trained eye fixation may be necessary, and this is currently being explored.
Layer Thicknesses and Assignment
Previous studies of rodent 25 and feline 14 retinas revealed three layers of alternative hyper-, hypo-, and hyperintensity. These data were obtained using conventional T 1 -and/or T 2 -weighted sequences on a 4.7-and a 7-T animal scanner, where gradient strengths (40 G/cm) were much stronger than those on clinical scanners. Strong gradients allowed a small FOV and shorter readout time, yielding a resolution of 60 ϫ 60 ϫ 1000 m for rodent retina 25 and 100 ϫ 100 ϫ 2000 m for feline retina. 14 Retinal MRI of the anesthetized baboon retina at 100 ϫ 200 ϫ 2000 m on a clinical 3-T scanner has also been reported, demonstrating hardware feasibility of high spatiotemporal resolution anatomic, blood-flow, and BOLD MRIs on a 3-T clinical scanner. 31 Anatomic MRI of the baboon retina also revealed a similar three layers of alternative hyper-, hypo-, and hyperintensity. The total retina/choroid thicknesses (in m) of the rodent, feline, baboon, and human retinas have been reported to be, respectively, 267 Ϯ 33, 25 358 Ϯ 13, 14 617 Ϯ 101, 31 and 711 Ϯ 37 (this study) (mean Ϯ SD).
We were encouraged by the spatial resolution of 100 ϫ 200 ϫ 2000 m in the human retina, given that the human eye is significantly larger in diameter and the human retina is significantly thicker compared with that of rodents. The PVE due to the curvature of the human retina for the 2000-m-thick MRI slice is negligible (ϳ5% of total thickness), 25 whereas a 600-m-thick slice in the rodent retina is needed to yield the same 5% PVE. 25 For the in-plane resolution, 100 ϫ 200 m yielded 6.6 ϫ 3.3 pixels across the human retina/choroid thickness. The higher resolution was placed along the thickness of the posterior pole of the retina. By comparison, 60 ϫ 60-m in-plane resolution in rodent retina yielded 4.5 ϫ 4.5 pixels across the retinal thickness. 25 Thus, the MRI resolution of the human retina was overall favorable, or at least comparable, to those used in animal studies, despite the apparent hardware limitations and eye movement in awake humans. MR images of the human retina, however, appeared more blurry than those of rodents, felines, and baboons. This is likely due to the long readout time used to maximize signal sensitivity and this problem must be addressed in future studies.
MRI data of rodent, 25 feline, 14 and baboon 31 retinas all showed three layers of alternating hyper-, hypo-, and hyperintensity, despite different pulse sequences and parameters. Specifically, the baboon and human retinal data both used the bSSFP sequence, yielded similar interleaving hyper-, hypo-, and hyperintensity in the retina. bSSFP is more efficient and yielded better SNR per unit time compared with conventional gradientecho sequences. Based on these similarities in MRI layers across different animal species, similar layer assignments were thus made. Layer 1 (hyperintense) closest to the vitreous likely corresponded to nerve fiber, ganglion cell, and INL; layer 2 (hypointense) strip likely corresponded to the ONL and inner and outer segments; layer 3 (hyperintense) likely corresponded to the choroid.
Unlike animal studies where layer assignment and thickness of the MRI bands could be cross-validated by histology, direct validation of human layer assignments and thicknesses is difficult. Thus, noninvasive OCT was used to corroborate total retina/choroid thickness on the same eyes over closely matched regions. Commercial OCT devices use an 800-to 850-nm wavelength light source, where the choroid is difficult to visualize due to strong tissue absorption/scattering of visible light. The OCT device in our study used a less common, longer-wavelength (1060 nm) laser with less tissue absorption and scattering, which allowed better visualization of the deeper choroid layer. 41 Our OCT data are in general agreement with published OCT data. The published thickness of the in vivo human neural retina (excluding the choroid) varied significantly, even within the OCT literature: 236 m 42 and 200 to 310 m. 43 This is likely due to the heterogeneity of the human populations and different regions of the retinas from which the thickness were derived. Reports of the in vivo human choroidal thickness are sparse but have been reported to be 293 to 307 m by partial coherence interferometry 44 and 318 to 335 m by OCT. 45 Together, the total retinal thickness including the choroid ranged from 500 to 650 m in the literature. [42] [43] [44] [45] In our study, retina/choroid thickness measured by MRI was greater than that determined by OCT over a similar region of the same eye, likely because MRI PVE overestimates layer thicknesses. PVE can be minimized by increasing spatial resolution and suppressing the vitreous signals. The uncertainty in identifying the outer choroidal boundary by OCT as well as errors in estimating the refractive index or direction of light travel could also contribute to the apparent discrepancy in OCT thickness. Finally, it should be noted that the retinal layer thicknesses vary considerably depending on location.
Drawbacks and Challenges of Retinal MRI
Compared with anatomic MRI of the retina, OCT offers higher spatiotemporal resolution and is cost effective. Most optical imaging methods provide only anatomic data and they can also be hindered by media. With the exception of OCT for anatomic imaging, optical imaging techniques are depth ambiguous. MRI, by contrast, is not depth limited and, importantly, offers physiologic data as well as quantitative parameters. BOLD fMRI in response to physiologic challenges 36 and blood-flow MRI of basal conditions 34, 35 and during physiologic challenges 35 of the human retinas have recently been reported. These MRI approaches have the potential to provide valuable tools to study neurovascular coupling and functional responses, which may be perturbed in early stages of retinal diseases, as documented in many neurologic diseases. Future studies will use multislice or three-dimensional MRI to image the entire retina and present images in en face view. Improving contrast and resolution is necessary to visualize major retinal layers. A recent bSSFP MRI study on anesthetized mice could detect additional anatomic layers and layer-specific "physiologically evoked" BOLD responses. 46 Similarly, MRI of layer-specific, quantitative retinal and choroidal blood flow in the rodent retina is feasible. 22 MRI provides blood-flow values with classical units reflecting tissue perfusion, in contrast to blood-cell velocity measurements in large vessels often measured using optical approaches.
CONCLUSIONS
In conclusion, this study reports high-resolution MRI of laminaspecific structures in the unanesthetized human retina. Although further improvement in spatiotemporal resolution is necessary and expected, these initial results encourage further developments of additional MRI applications to study the human retina. We predict that MRI has the potential to offer some unique layer-specific physiologic data that are depth-resolved and quantitative, potentially complementing existing retinal imaging techniques. The temporal and nasal regions analyzed were those defined in Figure 4 , approximately Ϯ2 mm, beginning at Ϯ0.5-1 mm away from the optic nerve head. Asterisks indicate statistical significance between MRI and OCT retina/thickness thicknesses: * P Ͻ 0.05 two-tailed paired t-test.
